Background {#Sec1}
==========

A yellow fever (YF) epidemic began in Angola, in December 2015 in the capital Luanda, and by September 2016, a total of 884 laboratory confirmed cases had been reported with 373 deaths \[[@CR1]\]. The national spread of YF was characterized by fast exponential growth (doubling time of 5--7 days) and fast spatial expansion from Luanda, the capital of Angola \[[@CR2]\]. YF spread via trade and travel routes within the African continent to Kenya and the Democratic Republic of the Congo \[[@CR3]\]. Of even greater concern was that for the first time in known history, laboratory-documented YF was exported from Africa to China via returning travelers thus putting a large proportion of highly populous China at risk because the mosquito vector (*Aedes aegypti*) is present in more than half of the country \[[@CR4]--[@CR6]\]. In total, there were eleven unvaccinated Chinese foreign workers working in Angola who were infected during the 2016 YF outbreak in Angola and diagnosed at the time when they returned to China. More Chinese may have been infected in Angola who remained in Angola, but no documentation on such cases is available.

In Angola, there are about 259,000 Chinese foreign workers, the second largest contingent of Chinese in the continent of Africa after South Africa \[<http://www.who.int/csr/resources/publications/dengue/en/012-23.pdf>\]. According to the International Health Regulations (IHR), proof of vaccination is required for entry into China from certain YF endemic countries, including Angola \[[@CR7]\].

The fact that 11 Chinese workers acquired yellow fever due to lack of prior vaccination points suggests that many more Chinese workers in Angola were not vaccinated. We hence attempted to back-calculate the number of unvaccinated Chinese workers in Angola in order to determine the extent of lack of vaccine coverage.

Methods {#Sec2}
=======

We applied a previously developed mathematical model \[[@CR8]\] and used the following figures for the parameters: a population size for Angola of 25,021,974 \[[@CR9]\], 884 confirmed YFV cases in Angola between December 2015 and July 2016 (30 weeks), and 259,000 Chinese foreign workers in Angola \[<http://www.who.int/csr/resources/publications/dengue/en/012-23.pdf>\], eleven of whom acquired symptomatic laboratory-confirmed yellow fever.

We first calculated the force of infection in Angola based on the epidemic curve of the outbreak from December 2015 until July 2016. Our model is a Ross-Macdonald model for vector-borne infections; its structure is of a stochastic SIR kind of model to take account for the high mortality observed in serious cases of YF. From the epidemic curve we calculated the local YF force of infection, *λ*(*t*). This is done by, firstly, fitting a continuous function to the actual incidence, *Inc*(*t*), of new infections (assuming that the 884 reported cases represented only 12% of all infections, that is, an asymptomatic-to-symptomatic ratio of 8.8:1 \[[@CR10]\], which had the 'Gaussian' form:$$\documentclass[12pt]{minimal}
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where *c*~1~is a scale parameter that determines the maximum incidence, *c*~2~ is the age with the maximum incidence, *c*~3~ represents the width of the time-dependent incidence function, and *c*~4~ and. *c*~5~ are fitting parameters with no physical meaning. The fitting accuracy can be observed in Fig. [1](#Fig1){ref-type="fig"}. From the *Inc*(*t*) function, we calculated, through the Ross-Macdonald SIR model, the local YF force of infection, *λ*(*t*) which is related to the risk of at least one infection, *π*(*t*), using the following equation \[[@CR8]\]:Fig. 1Fitting a continuous function (line) to actual incidence of weekly reported new infections of YF in Angola, 2016 (Mean Square Error = 52.9767). The fitting parameters were *c*~1~ = 7.3778 ×10^−5^, *c*~2~ = -8.61647, *c*~3~ = 325.023 *c*~4~ = 1.45759 and *c*~5~ = 4.60653
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where *γ* is a 'removal' rate composed by the natural mortality rate, the recovery rate from infection and the additional mortality due to the disease. The removal rate was estimated considering a viraemic period of 5 days (1.36\*10^− 1^ weeks^− 1^), a hosts' life expectancy of 65 years (2.96\*10^− 4^ weeks^− 1^) and a lethality of yellow fever of 41% in 4 weeks (7.14\*10^− 1^ weeks^− 1^).

Results {#Sec3}
=======

The cumulative probability of at least one symptomatic case in the period of 30 weeks (that is, the sum of all the 30 weekly probabilities of at least one symptomatic case during the outbreak) is 3.53\*10^− 4^. The total number of cases retrieved by the model was 842 symptomatic cases among the Angolese populations and 10 symptomatic cases among the Chinese cohort, which is consistent with the actual numbers. To explain the observed 11 symptomatic cases among the Chinese foreign workers in Angola (which implies in 97 actual infections), we calculated that all the 259,000 Chinese must have been susceptible, that is, non-vaccinated. In other words, according to these calculations, none of the Chinese workers had received the YF vaccine. There may be different reasons for the absence of vaccination. For example, for one case there were medical contraindications with regards to yellow fever vaccination \[[@CR11]\].

Discussion {#Sec4}
==========

Yellow fever, like any vector-borne infection, may be focal in space and, therefore, some of the cases may have clustered around hot-spots of transmission which could result in non-negligible heterogeneities. This would imply that Chinese workers were submitted to different forces of infections compared to the endemic population, for instance, by living/working in different places with different mosquitoes densities. The risk would then have the equation:$$\documentclass[12pt]{minimal}
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where *s* denotes the points in space.

However, the lack of information on the spatial distribution of the cases among Chinese workers did not allow us to refine the model to include such spatial heterogeneities. Another reason why we did not consider the inevitable uncertainties involved in our estimations was that they would not have had any impact on the final conclusion of the model. We only included the 11 confirmed cases picked up in China, but the overall number of yellow fever cases in Chinese workers was likely higher as many would not have travelled back to China in that time period. In other words, even with as few as 11 cases, our models backcalculate that 100% of the 250,000 workers were unvaccinated at the time of the yellow fever outbreak in Angola. A higher number of infected workers would not change the result of 100%. There is also some uncertainty about the actual nunber of Chinese workers living in Angola at the time of the outbreak late 2015 to mid 2016, with the Angola-China Industrial and Commerce Association stating that by 2017 the overall number had fallen to about a quarter of what it was in 2013--2014 (<https://qz.com/940619/chinese-traders-changed-south-africa-now-theyre-leaving/>). However, for 2016 the numbers were in the order of magnitude that we used for our calculation according to two other sources (<http://www.china-invests.net/20160614/40671.aspx>) (<https://macaudailytimes.com.mo/brazil-angola-top-five-countries-chinese-investment-south-atlantic.html>). Even if the overall Chinese population was smaller than we assumed for our models, this would only even more reinforce that 100% of the Chinese population in Angola at the time of the outbreak was unvaccinated.

In the Additional file [1](#MOESM1){ref-type="media"} we show how to include the uncertainties involved in the process of modeling.

Our calculations unmask a serious problem. Despite the fact that YFV vaccination is mandated for Angola by the International Health Regulations (IHR) \[[@CR12]\], not only the 11 travelers from Angola to China were documented to be unvaccinated, but also the vast majority if not all of the Chinese residing in Angola at the time were unvaccinated based on our modelling. The Chinese government immediately responded to the crisis by employing medical teams to Angola to vaccinate the Chinese population in that country \[[@CR13]\].

China has been dominating global outbound travel for the past decade, especially after achieving double-digit growth in tourism expenditures every year since 2004. The total number of outbound travellers from China rose by 11 million from 2014 to reach 128 million in 2015 \[[@CR14]\]. A recent study estimated that the annual travel volume of Chinese travelers out of China into YF endemic countries was 466,832, the majority of which traveled to Nigeria (*n* = 227,694), Angola (*n* = 69,334) and Brazil (*n* = 65,954). Such data are important for demand forecasting of yellow fever vaccines for Chinese travelers, as China has its own yellow fever vaccine manufacturer (<http://www.dcvmn.org/_China-National-Biotec-Group-Company-Limited_>).

Conclusion {#Sec5}
==========

Governments around the world including China need to ensure that their citizens obtain YF vaccination when traveling to countries where such vaccines are recommended and/or required according to IHR, in order to prevent the rapid international (and long-haul) spread of YF as it happened in 2016. Tightening border controls is essential to ensure that incoming travelers from YF endemic countries into vulnerable countries (as defined by IHR) carry proof of YF vaccination.

Additional file
===============
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Additional file 1:Appendix-Uncertainties in the model. (DOCX 21 kb)

IHR

:   International Health Regulations

SIR

:   Susceptible-Infected-Recovered

YF

:   Yellow Fever
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